Graphical Abstract Highlights d Presence or absence of food promotes the dwelling or dispersal behavior of C. elegans d Dopamine signals to peptidergic interneurons in response to food d Peptidergic interneurons antagonize each other to inhibit or excite motoneurons d Cholecystokinin and RFamide modulate motoneurons to generate food response behavior SUMMARY Finding food and remaining at a food source are crucial survival strategies. We show how neural circuits and signaling molecules regulate these foodrelated behaviors in Caenorhabditis elegans. In the absence of food, AVK interneurons release FLP-1 neuropeptides that inhibit motorneurons to regulate body posture and velocity, thereby promoting dispersal. Conversely, AVK photoinhibition promoted dwelling behavior. We identified FLP-1 receptors required for these effects in distinct motoneurons. The DVA interneuron antagonizes signaling from AVK by releasing cholecystokinin-like neuropeptides that potentiate cholinergic neurons, in response to dopaminergic neurons that sense food. Dopamine also acts directly on AVK via an inhibitory dopamine receptor. Both AVK and DVA couple to head motoneurons by electrical and chemical synapses to orchestrate either dispersal or dwelling behavior, thus integrating environmental and proprioceptive signals. Dopaminergic regulation of foodrelated behavior, via similar neuropeptides, may be conserved in mammals.
In Brief
In this study of C. elegans food response behavior, the underlying circuitry is identified by dopaminergic neurons signaling the presence of food to interneurons that release neuropeptides and regulate locomotion by conferring distinct motoneuron responses via specific neuropeptide receptor expression.
INTRODUCTION
Neural circuits control complex behaviors and vary their activity in different behavioral states. For example, animals perform tactic behaviors, like food searching (Gutman et al., 2007) , which require the interplay of strategic planning and basic locomotion. Locomotion patterns are adapted over many scales to enable movement under diverse conditions (DiGiovanna et al., 2016; Fang-Yen et al., 2010) . For navigation, body posture and proprioceptive feedback are integrated with external cues to achieve optimal movement (St George and Fitzpatrick, 2011) . In higher animals, this is accomplished by coordinating brain systems for planning of movement, sensory systems providing environmental feedback, and cerebellum and motor systems that fine-tune and execute movement (Armstrong and Marple-Horvat, 1996) . In simple animals like Caenorhabditis elegans, similar functions are carried out by few neurons, multitasking as part of sensory, signaling, and modulatory systems, to control body posture, coordinate locomotion, and orchestrate more complex behaviors (Flavell et al., 2013; Hums et al., 2016; Wen et al., 2012; Zhen and Samuel, 2015) .
C. elegans executes locomotion via motoneuron classes in head ganglia and the ventral nerve cord, distinguished by transmitter, dorso-ventral innervation, and roles in forward or backward locomotion (Zhen and Samuel, 2015) . This basal machinery is instructed by premotor interneurons (PINs) that directly innervate and ''gate'' motoneurons to coordinate forward or backward states, with proprioceptive feedback required to propagate undulatory body waves (Kawano et al., 2011; Wen et al., 2012) . PINs integrate sensory information from head and body to respond to either repulsive or attractive cues (Chalfie et al., 1985; Husson et al., 2012a) . More complex locomotion behaviors, such as directional turns and navigation, are controlled by head motoneurons and interneurons (Donnelly et al., 2013; Gray et al., 2005; Iino and Yoshida, 2009 ). Behavioral switches, long-term behavioral states, and strategies for long-range locomotion, e.g., to find (and stay at) a food source, involve modulation by transmitters like serotonin, tyramine, octopamine, and dopamine (DA), as well as neuropeptides. Finding food also involves acute behaviors such as slowing (Ben Arous et al., 2009; Bhattacharya et al., 2014; Chase et al., 2004; Flavell et al., 2013; Fujiwara et al., 2002; Li et al., 2012; Sawin et al., 2000; Stern et al., 2017) .
When animals are removed from bacterial food, they first initiate local search behavior: frequent directional changes and short periods of straight locomotion. If no food is found, after 10 min, behavior is altered to long, straight runs, covering larger distances (dispersal; Bhattacharya et al., 2014; Gray et al., 2005) . Upon food encounter, DA is released by mechanoreceptive CEP and ADE head neurons (Kang et al., 2010) and from the midbody PDE neurons (Maeder et al., 2018) . On food, animals switch to a behavior termed dwelling: slow, mostly forward locomotion with frequent reversals (Flavell et al., 2013; Fujiwara et al., 2002) . C. elegans coexpresses D1-like (DOP-1) and D2-like (DOP-3) receptors in subsets of cholinergic motoneurons, where DOP-1 and DOP-3 function antagonistically to regulate locomotion when animals encounter food (Chase et al., 2004) . Dopaminergic PDE neurons extensively innervate DVA and AVK interneurons (White et al., 1986) . DVA responds to body bending and feeds back to moto-and interneurons, influencing body posture (Li et al., 2006) . DVA integrates mechanosensory information (from PDE neurons, via the DOP-1 receptor) about the presence of food and modulates locomotion by signaling to motoneurons via NLP-12 neuropeptides and the G-protein-coupled receptor CKR-2 (Bhattacharya et al., 2014; Hu et al., 2011) . NLP-12 peptides are homologous to cholecystokinin, involved in motivated behavior and locomotion in mammals, release of which is also regulated by DA signaling, e.g., in reward-related behavior like feeding (Meyer and Krauss, 1983; Rotzinger and Vaccarino, 2003) . AVK neurons express FLP-1 FMRFamide-like neuropeptides, and flp-1 deletion results in hyperactive locomotion (Nelson et al., 1998) . AVK is also implicated in navigation of oxygen gradients and regulation of turning (Hums et al., 2016) ; whether it affects food-related behaviors is unknown. The extensive synaptic input by PDE neurons suggests that AVK neurons may affect locomotion downstream of DA signaling. We asked how external food signals are turned into behavior, on the circuit, cellular, and molecular levels, and whether such mechanisms and the molecules involved in C. elegans may represent a basis for the evolution of food-motivated behavior in higher animals.
We analyzed AVK's role in locomotion and food-related behavior. Food effects, promoting dwelling behavior, can be mimicked by optogenetic inhibition of AVK: locomotion slows, characterized by altered body bending angles and increased pauses. Without food, AVK promotes dispersal by tonic release of FLP-1 peptides. We identified a low-potency FLP-1 receptor, NPR-6, in subsets of cholinergic moto-and other neurons that mediates inhibition and is required for the effects of food on AVK and its downstream signaling. In addition, a high-potency FLP-1 receptor, FRPR-7, mediates FLP-1 effects. Foodinduced dwelling is also mimicked by photostimulation of DA neurons, which requires the inhibitory DOP-3 receptor in AVK as well as stimulatory DOP-1 signaling in DVA. AVK and DVA mediate responses to presence or absence of food by antagonistic neuropeptide signaling, i.e., they promote either dwelling and local search behavior (DVA) or dispersal (AVK). In sum, food signals are relayed via DA to peptidergic neurons that switch the motor system to adopt different locomotion strategies.
RESULTS

Sensation and Absence of Food Modulate Locomotion
Behavior C. elegans senses food via odorants (sensory neurons like AWC, ASK; Bargmann, 2006) , gases (BAG neurons; Zimmer et al., 2009) , and mechanical stimuli (dopaminergic neurons like PDE; Sawin et al., 2000;  Figure 1A ). AWC and ASK signal via two layers of interneurons to head and body motoneurons (Gray et al., 2005) . BAG senses a drop in oxygen, e.g., inside a bacterial lawn, and affects locomotion via indirect signaling to AVK interneurons, likely through RIG interneurons (Hums et al., 2016) . Last, dopaminergic neurons signal to motoneurons and interneurons AVK and DVA that influence locomotion antagonistically via the neuropeptides FLP-1 and NLP-12, respectively.
To disentangle this complexity of food-induced signaling, and its effects on locomotion, we eliminated chemosensory signaling. tax-4(ks11) mutants lack a cGMP-gated channel required for function of several sensory neurons, but not of mechanosensors (Coates and de Bono, 2002; Komatsu et al., 1996) . We compared wild-type and tax-4 animals on food, as well as after 2 or 15 min off food. Animal trajectories recorded during 2 min showed that on food, wild-type stayed close by, which was not altered after 2 min of food removal ( Figure 1B ). Yet, after 15 min, wild-type animals crawled longer distances, on straighter paths, dispersing from the origin, such that the maximal distance they reached was significantly higher than for the other two conditions ( Figures 1C and 1D ). tax-4 animals also dwelled in the presence of food; however, they showed dispersal behavior after 2 min off food, crawling as fast and as far as wild-type after 15 min, and this increased further. Thus, without chemosensation, animals respond more strongly to the absence of mechanical food cues.
C. elegans moves by propagating sinusoidal bending waves from head to tail, which can be analyzed by registering the bending angles along the spine of the animal over time (Figures 1E and 1F) . On food, animals showed irregular locomotion, i.e., they often stopped, reversed, and then resumed forward movement ( Figure 1G ), while off food, locomotion was more regular. Wild-type animals showed lower bending angles on food than off food ( Figure 1D ). Bending angles were highest right after food removal, i.e., during the first 2 min, and decreased to intermediate levels after 15 min. In contrast, tax-4 mutants showed overall lower bending angles and no increase after 2 min off food. Thus, the strong increase in bending angles after food removal is initiated by chemosensory neurons. After 15 min off food, tax-4 mutants also showed a significant increase in the bending angles, likely mediated by mechanosensory neurons. Thus, the late-phase response to food absence, accompanied by dispersal, can be probed by analyzing bending angles after 10-15 min off food.
Inhibition, but Not Stimulation, of AVK Neurons Affects Locomotion
Mechanosensory dopaminergic PDE neurons affect DVA neurons via the excitatory DOP-1 receptor (Bhattacharya et al., 2014) . AVK neurons act antagonistically to DVA (Hums et al., 2016) , and since they also are innervated by PDE, we asked 
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(A) Simplified neuronal network mediating food responses and regulating locomotion. Sensory neurons for odors, gases, and mechanical cues relay information via dopamine (DA) and neuropeptides (FLP-1, NLP-12) through interneurons to the motor system. Chemosensors depend on tax-4 function. (B) Trajectories of animals during 120 s crawling. Each track, representing one animal, is shown in different color. Genotype and presence of bacterial food are indicated. Scale bar, 10 mm. (C and D) Analysis of locomotion trajectories (C), characterized by total length, maximal distance reached to origin, mean velocity, and mean bending angle (D), as analyzed in (E), shown for wild-type and tax-4(ks11) animals and indicated conditions. (E) Body curvature during crawling on solid substrate, in single video frames. 10 points along body midline define 9 segments and 8 three-point angles.
(F) Time-resolved, color-coded representation (red/blue, positive/negative curvature) of 8 bending angles along the body, as calculated in (E). Representative data for wild-type and tax-4(ks11) animals, with or without food. Scale bar, 30 s. (G) Locomotion was characterized by the occurrence of pause states, within 3 min, and the time spent in pause or reversal states. Data in (D) and (G) are represented as mean ± SEM. Significant differences (unpaired t test): n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 0.001); n, number of animals.
whether AVKs participate in DA-induced food responses. We explored this by optogenetics. To specifically depolarize AVK neurons, we used channelrhodopsin, a blue light-activated cation channel (ChR2(H134R)::YFP; Nagel et al., 2005) . For hyperpolarization, we used halorhodopsin, a yellow light-driven chloride pump (NpHR::eCFP; Zhang et al., 2007) . Both were expressed exclusively in AVK (Figures 2A and 2B ). Locomotion was assessed after 10-15 min off food, when animals showed (C) Mean bending angles of AVK::ChR2(H134R) in lite-1(ce314) background. Animals, cultivated with and without ATR, were recorded with or without blue light (1.4 mW/mm 2 , 470 nm), with or without food. (D and E) Time course of mean bending angles ± SEM in AVK::NpHR animals before, during, and after yellow light exposure (1.1 mW/mm 2 , 580 nm). Yellow bar, illumination period (30 s). Significance was calculated for periods indicated by bars, summarized in (E). (F) Bending in AVK::NpHR animals was analyzed at all 8 angles, indicated in Figure 1E , before and during yellow light. Inset: bias of bending at the anterior 3 angles; positive values, dorsal. (G) Quantification of mean bending angles in wild-type and AVK::NpHR animals. Conditions as in (D), but with food. (H) Trajectories of animals (n = 18-20) during 120 s crawling, as in Figure 1B . Genotype and conditions indicated. Scale bar, 10 mm. (I) Time series of bending angles along the body, as in Figure 1F . Upper panel: representative AVK::NpHR animal off food, 20 s dark, 40 s constant yellow light (yellow bar). Lower panel: animal on food. Scale bar, 10 s. (J-O) Locomotion parameters determined for wild-type and AVK::NpHR animals without and with yellow light or food, as indicated: maximal distance to origin (J), velocity (K), bending angle (L), pause frequency (M), pause duration (N), and reversal duration (O). Data are represented as mean ± SEM. Significant differences to the no-light condition (paired t test) or compared to controls (unpaired t test), as indicated: n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. n, number of animals. dispersal. When AVK::ChR2 animals were exposed to blue light (in lite-1(ce314) background, eliminating photophobic responses; Edwards et al., 2008) , bending angles were not significantly altered between animals raised with or without all-trans retinal (ATR), the opsin co-factor ( Figure 2C ). Thus, during dispersal, photoactivation of AVK did not cause detectable effects. Yet, on food, AVK::ChR2 photostimulation significantly reduced bending angles, indicating that AVK function is influenced by food cues. Off food, when we photoinhibited AVK::NpHR using yellow light (not evoking photophobicity; Edwards et al., 2008) , bending angles increased significantly, along the body, with a dorsal bias ( Figures 2D-2F ; Videos S1A and S1B). These effects persisted during yellow illumination and bending returned to initial levels 5-10 s after light was turned off ( Figure 2D ). On food, bending angles in AVK::NpHR animals were lower than off food and could not be increased by photoinhibition ( Figure 2G ). AVK photoinhibition affected overall locomotion to resemble food-induced dwelling: animals showed reduced dispersal ( Figures 2H-2O ), characterized by altered bending angles, irregular locomotion, and increased and prolonged stopping and reversal periods (see also Figure S1 ). The observed effects of food and AVK de-or hyperpolarization indicate that food presence inhibits AVK, and that off food, AVK may be tonically active.
AVK Ablation and Impaired Signaling from AVK via FLP-1 Neuropeptides Affect Locomotion
Since acute AVK photoinhibition caused behavioral phenotypes, we also assessed effects of AVK ablation. The caspase interleukin-1b-converting enzyme (ICE) elicits apoptosis when expressed in cells of interest (Zheng et al., 1999) . AVK::ICE ablated animals showed significantly increased bending angles and reduced dispersal, like AVK::NpHR photoinhibition (Figures 3A and 3B; Video S2A). AVK::ICE cells die during development, which may alter network connectivity. Thus, we induced acute AVK ablation by photoactivating miniSOG (minimal singlet oxygen generator; Qi et al., 2012) , which kills cells via toxic reactive oxygen species. Exposing AVK::miniSOG animals to blue light (G) Quantified mCherry signal in anterior CCs, AVK cell bodies, and processes in wild-type and in unc-31(n1304) mutants. Data are represented as mean ± SEM. Significant differences to the no-light condition (paired t test) or compared to controls (unpaired t test), as indicated: n.s., non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. n, number of animals. disrupted AVK morphology, increased bending angles, and reduced dispersal (Figures S2A-S2C; Video S2B). Thus, chronic or acute loss of AVK phenocopies AVK inhibition.
The absence of AVK neurons limited locomotion, implying that AVK releases a transmitter to promote dispersal. AVK likely secretes FMRFamide-like neuropeptides encoded by flp-1 to affect locomotion by modulating other neurons (Hums et al., 2016; Nelson et al., 1998) . We expressed tetanus toxin light chain (TeTx; Husson et al., 2012a; Macosko et al., 2009 ) in AVK to eliminate transmitter release, including neuropeptides. AVK::TeTx animals had increased bending angles ( Figure 3C ). Photoinhibition of AVK in these animals caused no further increase in bending angles, arguing that chemical transmission from AVK rather than gap junction signaling mediates the observed phenotypes ( Figure 3C ; Video S3A). flp-1(yn4) mutants, as well as animals with knockdown of FLP-1 peptides in AVK (cell-specific RNAi; Husson et al., 2012a) , had increased bending angles, which were no further increased by AVK photoinhibition (Figures 3D; Figures S1B, S1C, and S2D; Video S3B). FLP-1 specifically expressed in AVK in flp-1(yn4) mutants rescued the mutant phenotype (and likely overcompensated it, preventing efficient photoinhibition; Figure 3D ). This indicates an AVK-specific function of FLP-1 neuropeptides in locomotion control (for analysis of other flp-1 alleles, see Figure S2E ).
Manipulating AVK and FLP-1 neuropeptide signaling affected locomotion: AVK::ICE and AVK::miniSOG ablated animals (Figure 3A;  Figures S1B, S1C, and S2C), as well as animals lacking FLP-1, dispersed much less than wild-type, at reduced velocity, with less ''directional'' movement (Figures S1A-S1C). Similar to AVK photoinhibition, AVK ablation increased pause and reversal frequencies and prolonged their duration (Figures S1D-S1F). In sum, our data suggest that after >10 min off food, AVK releases FLP-1 peptides to reduce bending and to promote dispersal. AVK photoinhibition acutely altered bending angles, which quickly resumed when light was turned off ( Figure 1D ). Thus, FLP-1 peptides induce acute effects and must be tonically released by AVK to elicit long-term modulation of locomotion.
Ongoing FLP-1 Peptide Release from AVK To probe whether FLP-1 peptides are constantly secreted from AVK, we expressed mCherry-tagged FLP-1 precursors in AVK ( Figure 3E ). Proteins secreted into the C. elegans body fluid are endocytosed by coelomocytes (CCs; Figures 3F and 3G ), and CC fluorescence indicates neuropeptide release (Sieburth et al., 2007; Steuer Costa et al., 2017) . AVK::FLP-1::mCherry was found in AVK cell bodies and processes, as well as in CCs, in contrast to cytosolic, non-secreted AVK::GFP not found in CCs ( Figure 3E ). To test for specific FLP-1 release from dense core vesicles (DCVs), we analyzed secretion in unc-31(n1304) mutants lacking CAPS (Ca 2+ -activated protein for secretion, needed for DCV exocytosis; Sieburth et al., 2007) . unc-31 mutants showed significantly less FLP-1::mCherry fluorescence in CCs and 3-fold increase in AVK cell bodies, where DCVs are generated ( Figure 3G ). Thus, FLP-1::mCherry is secreted via DCVs from AVK. Time-lapse imaging of AVK processes showed anterograde and retrograde trafficking of FLP-1::mCherry particles (Figures S2F-S2H; Video S4), consistent with ongoing release.
Effects of AVK-Released FLP-1 Peptides Require the G-Protein-Coupled Receptor NPR-6
To identify potential receptors for FLP-1 peptides, we analyzed bending angles and changes induced by AVK inhibition in candidate mutants. CKR-2 was shown to be weakly activated by FLP-1 but strongly by NLP-12 neuropeptides, released by the DVA neuron (Hu et al., 2011; Hums et al., 2016) . Bending angles in ckr-2(tm3082) mutants were increased by AVK photoinhibition, thus excluding CKR-2 as a FLP-1 receptor in the context of AVK signaling ( Figure 4A ). nlp-12 mutants showed significantly reduced bending angles, in line with their augmentation of NMJ signaling (Hu et al., 2011) . Bending in nlp-12(ok335) animals was not increased by AVK inhibition, thus DVA function may be required for AVK/FLP-1 effects on locomotion. Omar et al. (2007) showed that a receptor from the platyhelminth Girardia tigrina GtNPR-1 responds to C. elegans FLP-1 peptides. However, C. elegans npr-1(ad609) mutants had no altered bending angles, thus ruling out NPR-1 as a FLP-1 receptor. We tested a number of other receptors, based on homology to GtNPR-1: npr-2(ok419) mutants reduced, while npr-3(tm1583) mutants showed normal bending; yet, AVK photoinhibition in npr-2 and npr-3 mutants still increased bending angles, ruling them out as receptors for FLP-1 released from AVK ( Figure 4A ). In contrast, AVK photoinhibition in npr-6(tm1497) mutants did not increase bending angles, suggesting that NPR-6 is required for FLP-1 effects and may thus be a FLP-1 receptor downstream of AVK.
NPR-6 and FRPR-7 Are Low-and High-Potency FLP-1 Receptors, Respectively
We probed NPR-6 activation by FLP-1 peptides in vitro: in CHO cells stably expressing the human Ga 16 protein and mitochondrially targeted aequorin, activation of the ''promiscuous'' Ga 16 subunit by GPCRs evokes Ca 2+ responses and luminescence . After transfection with a npr-6 cDNA construct, FLP-1-derived peptides evoked Ca 2+ responses, particularly FLP-1-4 (SDPNFLRFa), FLP-1-5 (AAADPNFLRFa), and FLP-1-6 (PNFLRFa), at concentrations of 10-100 mM, while cells transfected with an ''empty'' vector showed no responses ( Figures 4B and 4C ). Thus, NPR-6 is activated by FLP-1-derived peptides, although the potency of these ligands is below that of other neuropeptide receptor ligands in this assay (10-100 nM; Janssen et al., 2008) . AVK inhibition did not increase bending angles in npr-6 mutants, in line with FLP-1 binding NPR-6 in vivo. Yet, in absence of the FLP-1 receptor, one may expect overall increased bending angles, which was not the case ( Figure 4A ). We thus asked whether other receptors may contribute to FLP-1 effects. In vitro, FRPR-7 was a much higher potency receptor for FLP-1 peptides than the NPR-6 receptor ( Figure 4C ). In vivo, frpr-7(gk463846) mutants increased their bending angles upon AVK photoinhibition, at first ruling out a role of FRPR-7 in crawling modulation by FLP-1. Yet, npr-6; frpr-7 double mutants showed significantly increased bending angles, essentially phenocopying flp-1 mutants ( Figure 4A ). Thus, NPR-6 (and likely FRPR-7) mediate effects of FLP-1 signaling from AVK. To explore this further, we assessed crawling trajectories of each receptor mutant and the npr-6; frpr-7 double mutant, as well as their locomotion parameters ( Figures 4D-4G ). Off food, compared to wild-type, particularly npr-6 mutants, but also frpr-7 and npr-6; frpr-7 double mutants crawled shorter distances at lower velocity. The double mutant showed deeper bending angles than either wild-type or the two single mutants, indicating defective signaling downstream of (the mechanosensory component of) food sensation. In addition, flp-1 and npr-6 mutants did not respond to food ( Figure 4H ). Thus, AVK mediates food effects, possibly responding to mechanosensory signaling, by releasing FLP-1 neuropeptides that are sensed by the receptors NPR-6 and FRPR-7.
NPR-6 Acts in Ventral Cord and Head Motoneurons to
Convey FLP-1 Effects on Locomotion AVK regulates locomotion parameters (bending angles, pauses, dispersal) by FLP-1 signaling. This may occur via ventral cord motoneurons, to which, however, AVK neurons have no direct connections; thus, FLP-1 may act by volume transmission. We identified NPR-6-expressing neurons using a pnpr-6::GFP promotor fusion: this was found in pharyngeal neurons (M1 to M5, MC, I1, I2, I4 to I6, NSM [expression in NSM was previously shown by mRNA profiling; Spencer et al., 2014]); sensory neurons (ADL, ASH, ASI, ASJ, ASK, AWB, BAG, URAD, URYD); head motoneurons (SMBD, SMBV); AIM, ALA, RIF, CANL cells; and tail neurons (PVT, PVP; Figure S3A ). pnpr-6::GFP was also expressed in cholinergic VC motoneurons, innervating ventral body and vulval muscles. Thus, most plausible cell types in which FLP-1 peptides may affect body bending via NPR-6 are VC and SMB motoneurons. We did cell-specific rescue experiments in npr-6(tm1497) mutants expressing AVK::NpHR (Figure 5A) . Expressed from its own promoter, NPR-6 rescued the light-evoked increase in bending angles. Likewise, NPR-6 expression in VC neurons (using plin-11) or in SMB neurons (via intersecting promoters and the cre-loxP system; Figure S4 fects. NPR-6 expression in VC and SMB neurons using punc-17 did not rescue the npr-6 movement phenotype. However, punc-17 drives expression in a large number of neurons, which could antagonize the more specific effects in SMB and VC neurons. Thus, SMB and VC motoneurons likely mediate the effects of FLP-1 peptides on locomotion.
To test this hypothesis, we monitored VC neuron activity by Ca 2+ imaging. We expressed VC::GCaMP (along with mCherry for semi-ratiometric imaging) and photoinhibited AVK using NpHR while imaging VC neurons ( Figures 5B and 5C ). In animals grown without ATR (NpHR is non-functional), we observed no alterations in Ca 2+ levels. However, with ATR, AVK inhibition led to a robust rise of Ca 2+ in VC neurons (Video S5). This indicates that FLP-1 peptides inhibit VC neurons, a conclusion consistent with our finding that, in npr-6 mutants, no Ca 2+ rise was induced by AVK inhibition, while specific expression of NPR-6 in VC neurons rescued the mutant effect ( Figures 5B and 5C ). Thus, AVK neurons appear to specifically inhibit VC neurons via FLP-1 peptides and NPR-6 receptors, and therefore, AVK::NpHR photoinhibition likely caused disinhibition of VC neurons, which increased body bending.
Consistently, photoactivation of VC::ChR2 increased bending ( Figure 5D ). We also analyzed SMB neurons by Ca 2+ imaging ( Figures 5E and 5F ). Like VC neurons, SMB neurons exhibited significant disinhibition upon AVK photohyperpolarization, which was not found in npr-6 mutants. Thus, SMB neurons are also regulated by FLP-1 peptides and NPR-6 receptors.
In addition, we assessed expression ( Figures S3B and S3C ) and function of the high-potency FLP-1 receptor FRPR-7 and determined that it mediated FLP-1 effects specific to the swimming locomotion of C. elegans (Figures S5 and S6; Video S6) .
AVK Resides within Neural Circuits Regulating
Locomotion and Food Responses AVK mediates neuropeptide signaling to modulate locomotion in response to external stimuli like altered oxygen concentration (Hums et al., 2016) and, as we showed, the presence of food. Via which cells do external signals affect AVK activity, and to which cells may AVK relay signals, apart from volume transmission? Clues are provided by the AVK connectome ( Figure S7A ; White et al., 1986) . Main synaptic input to AVK comes from dopaminergic PDE neurons (22 synapses) followed by RMF (15), PVT (12), PVM (11), and RIG (8). Most prominent postsynaptic AVK partners are RIM, SMD, and SMB (9, 4, 3 synapses), which are head motoneurons, through which AVK could affect body bending. AVK also makes gap junctions, most prominently with SMB, PVP, and RIC neurons (8, 5, 4 connections). Considering cells involved in the context of locomotion control and food responses, with numerous connections to AVK, a network becomes apparent, comprising the neurons AVK and DVA, downstream SMB (connected to AVK and DVA by electrical and chemical synapses), and upstream dopaminergic PDE (Figure 6A) . PDE neurons sense the texture of bacteria and, jointly with CEP and ADE neurons, are involved in the ''basal slowing response'' when animals enter a bacterial lawn (Maeder et al., 2018; Sawin et al., 2000) .
To further probe the role of SMB neurons in mediating behaviors affected by AVK activity, we ablated SMBs by ICE expression, which caused significantly increased bending angles ( Figure 6B ; as shown previously; Gray et al., 2005) . The same phenotype was found in AVK::ICE animals ( Figure 6B ; Video S7A), and these manipulations caused strong dwelling behavior ( Figure 6G ). AVK photoinhibition had no further effect on bending angles when SMB was ablated ( Figure 6C ). Photoactivation of SMB via ChR2 significantly increased bending. This result appears inconsistent with the finding that SMB ablation had the same effect ( Figure 6B ), unless SMB photostimulation counteracts inhibition by FLP-1, released from AVK ( Figures  2C, 5E , 5F, and 6D), possibly via gap junctions. Thus, we addressed electrical coupling through the innexin UNC-7, expressed in AVK and SMB (Altun et al., 2009 ; see AVK mRNA profile; Figure 7B ; Table S1A ): AVK-specific unc-7 knockdown increased bending angles ( Figure 6B ; Video S7B), indicating that an electrical continuum is required between AVK and SMB to enable normal AVK (and SMB) function. Yet, AVK affects SMB also via FLP-1/NPR-6 signaling ( Figures 5A, 5E , and 5F). In AVK::UNC-7 RNAi animals, AVK::NpHR photoinhibition was not affected, as it still increased bending ( Figures 6E-6G ; Figures S1B and S1C). Also, the time required for effects on bending an-gles was not significantly altered (compare Figures 2D and 6E) . Thus, this aspect of AVK function is independent of gap junction-mediated hyperpolarization of other cells. Yet, as UNC-7 knockdown in AVK reduced dispersal ( Figure 6G ; Figure S1B ), gap junctions modify AVK activity.
Antagonistic Functions of AVK and DVA Neurons
Both AVK and DVA innervate SMB head motoneurons and antagonistically affect locomotion in response to oxygen (Hums et al., 2016) . We assessed the role of DVA neurons in the context of AVK control of body bending and dispersal behavior. DVA neurons are proprioceptive and respond to body bending (Li et al., 2006) , feeding back to motoneurons. Animals lacking DVA show low body curvature (Bhattacharya et al., 2014; Li et al., 2006) , and, following stretch-dependent activation via TRP-4, DVA potentiates motoneurons via NLP-12 neuropeptides (Hu et al., 2011) , leading to enhanced local search of animals during the first 5 min off food (Bhattacharya et al., 2014) . We probed the effect of DVA neuron de-or hyperpolarization. Photodepolarization of DVA increased bending angles, opposite to AVK ( Figures 6H and 6I ; Figure S7B ; Video S7C). Photohyperpolarization of DVA::MAC (MAC is a light-driven outward proton pump; Husson et al., 2012b) or, likewise, DVA::NpHR reduced bending angles and dispersal ( Figures 6H-6J ; Figure S7B ). This likely results from reduced NLP-12 peptide release, as nlp-12(ok335) mutants also exhibited reduced dispersal and lower bending angles than wild-type ( Figures 4A, 6J, and 6K) . Thus, DVA antagonizes AVK function, and signals from both cells may converge on head and ventral cord motoneurons.
DA Regulates AVK via DOP-3 Receptors
Dopaminergic PDE neurons mediate the mechanical component of food sensation and innervate AVK and DVA. How does DA signaling affect these neurons in modulating locomotion? AVK may facilitate the food-induced basal slowing response, as shown for the DVA neuron, which expresses the stimulatory D1-type DA receptor DOP-1 (Bhattacharya et al., 2014) . When we photostimulated DA neurons (pdat-1::ChR2 in lite-1(ce314) background) in the absence of food, animals reduced their bending ( Figure 7A) , consistent with the reduced bending angles observed on food ( Figure 1D ). Also, pdat-1::ChR2-stimulated animals (particularly in ADEs and CEPs) slowed down ( Figure S8A ), mimicking the basal slowing response.
To find receptors potentially mediating DA effects in AVK, we used mRNA profiling. We isolated AVK::mCherry neurons from larvae and analyzed AVK mRNAs by RNA sequencing (RNAseq; Spencer et al., 2014) . 1,325 transcripts were significantly enriched in AVK at L1 stage compared to all cell types (Figure 7B ; Figure S8C ; Tables S1A and S1B), including flp-1, genes involved in neuropeptide signaling like ida-1 (encoding a DCV protein), egl-21, egl-3 (proprotein convertases), and cab-1 (involved in DCV trafficking). For gene ontology terms associated with genes upregulated in AVK, see Figure S8D . Also expressed were innexins unc-7 and unc-9, expected positive controls (Altun et al., 2009 ; Figures 6B and 6E-6G ). Three DA receptors were found in AVK: dop-1, -3, and -4. DOP-3 (most abundant) is an inhibitory D2-type receptor, while DOP-4 is a D1-type receptor.
dop-3(vs106) mutants abolished effects of photostimulating DA neurons on bending ( Figure 7C ). This was rescued by AVKspecific DOP-3 expression. DA release still reduced bending angles in DVA-ablated animals (ICE expression; Figure 7C ). Thus, DA affects body bending via DOP-3 receptors in AVK, likely by inhibition, while DVA may not contribute to effects of lightevoked DA release. We assessed food responses in animals lacking DOP-3 specifically in AVK: unlike wild-type, these animals showed no switch to dispersal behavior when removed from food ( Figures 7D and 7E ). Yet, on food, they still increased bending angles. This indicates additional pathways of how DA affects bending, likely via DVA, as exogenous DA reportedly affected bending via DOP-1 receptors expressed in DVA (Bhattacharya et al., 2014). Thus, DVA and AVK may cooperate in Figure S1 ). Data are represented as mean ± SEM. Significant differences either to the no-light condition (paired t test) or compared to controls (unpaired t test): n.s., nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001. n, number of animals. mediating food responses signaled from upstream PDE neurons. When we concomitantly photostimulated dopaminergic neurons and inhibited AVK::NpHR (Figure 7F ), the dual effects of DA release and AVK inhibition cancelled out, as compared to animals expressing only AVK::NpHR or only pdat-1::ChR2. Thus, when AVK is inhibited, DA release can counteract its effects on bending, likely via stimulatory DOP-1 receptors in DVA. Consequently, in cat-2(e1112) mutants lacking tyrosine hydroxylase, bending angles were increased and not further altered by co- 
AVK Neurons Mediate the Food Response by Affecting Bending
Angles and Dispersal DA signals the presence of food, causing animals to slow down and to alter their locomotion strategy. This altered locomotion is partly mediated via AVK neurons, as on food, AVK function was different than in the absence of food. Off food, locomotion was directional, with high bending angles, leading to dispersal ( Figures 1B-1D ). Upon AVK photoinhibition, animals switched locomotion to a dwelling-like state, however, also with deep bending angles, frequent directional changes, and pauses ( Figures 2D-2O ; Figure S1 ). On food, dwelling-state behavior was observed regardless of AVK photoinhibition, thus food presence occluded these effects ( Figures  2G and 2H) , while AVK stimulation reduced bending angles ( Figure 1C ). If the presence of food inhibits AVK neurons, we would expect a change in FLP-1::mCherry secretion. Indeed, when animals were starved for 1 hr, significantly more FLP-1 neuropeptide was present in, and released from, AVK than in animals on food ( Figure 8A ). Consistently, in the absence of DA in cat-2(e1112) animals, significantly more FLP-1::mCherry was released and detected in CCs ( Figure 8B ). Thus, food causes an inhibited state of AVK (via upstream DA signaling), which alters signals to downstream neurons via FLP-1 peptides and the receptor NPR-6.
DISCUSSION
Animals adjust locomotion according to external conditions, sometimes by adopting distinct behavioral states. Here, we analyzed synaptic and modulatory circuits, as well as signaling molecules controlling body posture and locomotion, in response to the presence or absence of food ( Figures 8C-8E) . These behaviors are more acute than other described long-lasting behavioral states that animals occasionally enter by switching from dwelling on a food lawn to exploratory roaming behavior (Flavell et al., 2013; Stern et al., 2017) . Food, sensed via mechanosensory dopaminergic neurons, affects locomotion through FLP-1 and NLP-12/cholecystokinin signaling from AVK and DVA neurons, respectively. AVK and DVA integrate sensory information from the environment via mechanoreceptors (AVK, DVA) and via gas sensory neurons (AVK), as well as from the body itself (DVA proprioception). FLP-1 and NLP-12 neuropeptide signaling can occur at distinct synapses but also by volume transmission to VC motoneurons, sensory neurons (AVK), and motoneurons (DVA). We also probed electrical connections of AVK to SMB cells, controlling head muscles. Our results support the following relationships ( Figures 8D and 8E): (1) the presence of food causes DA release, promoting dwelling, equivalent to inhibition of AVK::FLP-1 release. Off food, this can be mimicked by AVK::NpHR photoinhibition. (2) Without food, no DA is released, leading to dispersal, mediated by ongoing release of FLP-1 peptides from AVK.
AVK inhibition increased bending angles and influenced duration and frequency of pauses and reversals to promote local search behavior. This activity matched food-induced behaviors, apart from the bending angles, which decreased on food. The reason for these parallel effects is currently unclear, but it may result from food-induced DA signaling to DVA and by signaling from other sensory neurons, which is not recapitulated by AVK-specific optogenetic manipulation. In line, eliminating sensory signaling in tax-4 mutants largely abrogated food effects on bending angles. Food sensation inhibited AVK, since on food, but not off food, AVK could be photoactivated to release FLP-1 peptides, reducing bending. Thus, AVK is regulated in a context-dependent manner, as is DVA (Bhattacharya et al., 2014) .
NPR-6 is a low-potency FLP-1 receptor required for the effects of AVK inhibition on bending. It is expressed widely, including in VC and SMB motoneurons. In vitro, NPR-6 was activated by FLP-1 peptides at 10-100 mM. In vivo, such FLP-1 concentrations are likely reached only in synaptic clefts; this may provide specificity of NPR-6 for FLP-1 peptides at AVK synapses, as opposed to paracrine FLP-1 signaling. Inhibiting FLP-1 release from AVK reduced dispersal behavior, associated with overall speed reduction, in line with findings by Hums et al. (2016) , who showed that AVK is more active during fast crawling. Neurons mediating this slowing may be VC and SMB, as NPR-6 mediated FLP-1 inhibitory effects on Ca 2+ levels in these cells, and AVK photoinactivation led to their disinhibition. This likely affects bending angles during crawling, as we showed by direct depolarization of VC and SMB neurons, and by AVK inhibition. The latter caused dorsally biased bending of the anterior body, e.g., via SMB neurons. Direct gap junctions could also play a role in coupling AVK and SMB function. Further, SMB neurons are innervated by DVA, possibly by cholinergic synapses (the NLP-12 receptor CKR-2 is not expressed in SMB). In sum, SMB integrates signals from AVK (inhibition via FLP-1) and DVA (excitation) to affect body posture.
The role of FLP-1 in locomotion control is complex, given that the high-potency FLP-1 receptor FRPR-7 also affects swimming and the initiation of reversals ( Figures S5 and S6) . The high potency of FRPR-7 for FLP-1 may facilitate volume transmission. Yet, FRPR-7 appears to contribute also to FLP-1 effects on crawling, as no single receptor mutant (npr-6 or frpr-7) phenocopied the flp-1 ligand mutant for increased bending angles, while npr-6; frpr-7 double mutants did. FLP-1 affects other behaviors, too. Pharyngeal neurons express NPR-6 and may be negatively regulated by FLP-1 peptides (which inhibit pharyngeal action potentials; Rogers et al., 2001) , e.g., to limit futile pharyngeal pumping off food. Chemosensory neurons express NPR-6 (among them ASK that senses bacterial odors), and such cells could be modulated by FLP-1. Last, VC neurons, expressing NPR-6, innervate egg-laying muscles, and flp-1 downregulates egg-laying in the absence of food (Waggoner et al., 2000) .
The AVK mRNA profile exhibits genes related to DCV and neuropeptide signaling, as well as receptors that may indicate additional pathways regulating AVK. We compared our dataset to mRNA clusters recently generated after single-cell sequencing , showing a high overlap with a cluster containing FLP-1 as the most abundant gene ( Figure S8E ; Table S1C ). Another highly abundant AVK transcript is nlp-49, encoding two neuropeptide-like sequences. Recent work detected NLP-49 effects on arousal and locomotion in ways that would oppose the effects of FLP-1 (Chew et al., 2018) . Whether AVK inhibition affects NLP-49 signals, and whether NLP-49 and FLP-1 are used in different contexts or network states, will have to be clarified by future work.
Food stimulates DA release, inhibiting AVK and activating DVA via DOP-3 and DOP-1 receptors, respectively. Acute (photostimulated) DA release reduced bending angles, and this required DOP-3 in AVK, but not the DVA, neuron. This signaling is complex ( Figures 8C-8E) . At first sight, the effect of DA on AVK would suggest a stimulatory role, as bending angles were reduced (as opposed to AVK photoinhibition). However, the inhibitory DOP-3 receptor (high expression in AVK) was required for these effects, not the stimulatory DOP-1 receptor (low expression in AVK). Further, photostimulated DA release abrogated AVK photoinhibition, and starved animals produced and released more FLP-1 peptide, likely due to the lack of stimulatory DA signal. Consistent with these findings is the observation that the absence of DA in cat-2 mutants increased AVK FLP-1 release. These findings argue for DA-dependent inhibition of AVK. Consequently, food also affected AVK-mediated behavior: bending angles decreased and could not be altered by AVK photoinhibition, as AVK was already inhibited. In contrast, on food, AVK could be stimulated to release FLP-1 peptides and to reduce bending angles. FLP-1 peptides inhibit (this work), and NLP-12 peptides potentiate different sets of motoneurons (Hu et al., 2011) , affecting bending antagonistically. VC neurons not only innervate ventral body wall muscle but also DD and VD GABAergic neurons (White et al., 1986) . If FLP-1 peptides inhibit VC neurons, ventral muscle may be less activated, while the consequent reduced GABAergic drive may increase muscle activity (DD neurons innervate dorsal muscle). Consistently, VC neuron photoexcitation increased bending. In sum, FLP-1 peptides may affect excitation-inhibition balance in the motor system by several mechanisms and via VC and SMB neurons also in different body regions.
In addition to food, AVK may respond to other signals that affect locomotion and speed, like gases or chemical gradients (Bretscher et al., 2011; Hums et al., 2016; Suzuki et al., 2008; Zimmer et al., 2009) . AVK may integrate several signaling pathways to affect complex modes of locomotion, just as the premotor interneurons integrate various sensory inputs to compute the most appropriate (reversal or forward escape) behavior. Dopamine also modulates motor control in other species and can switch circuits to generate different motor patterns. For example, in mammals, descending DA projections innervate the spinal cord, modulating rhythmic activity, via targets expressing D1-or D2-type DA receptors (Sharples et al., 2014) , just as AVK and DVA in C. elegans. Dopaminergic modulation of cholecystokinin (CCK) signaling underlies motivated behavior in mammals (Meyer and Krauss, 1983; Rotzinger and Vaccarino, 2003) . In C. elegans, this conserved signaling is complemented by invertebrate-specific FMRFamide-like neuropeptide (FLP-1) signaling. Thus, similar inhibitory balancing of CCK signaling may also be found in mammals, in which related RF-amide neuropeptides were implicated in controlling feeding behavior (Dockray, 2004) . The few C. elegans neuron types identified here, in part characterized by mRNA expression, may guide a search for similar cell types in mammals in which myriads of cells mediate similar mechanisms of motor control.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans Cultivation and Transgenesis C. elegans wild-type (Bristol strain, N2) and transgenic animals were cultivated at 20 C on nematode growth medium (NGM) plates seeded with E. coli OP50-1. Optionally, bacterial solution was supplemented with 100 mM all-trans retinal (ATR; Sigma-Aldrich).
To avoid unwanted photoactivation of optogenetic tools prior to experiments, animals were kept in the dark. L4 animals were pre-selected 12 h before experiments, and for all experiments, staged young adult animals were studied. Transgenic animals were generated following standard protocols using microinjection (for plasmid concentrations see Key Resources Table) . For specific expression in AVK, we used a fragment of the flp-1 promoter (Christine Li, pers. comm.; Nelson et al., 1998) . Some extrachromosomal arrays were stably integrated into the genome using UV-irradiation and outcrossed to wild-type, to generate strains ZX888 (10x outcrossed), ZX903 (7x), ZX907 (4x), ZX909 (4x), ZX946 (6x), ZX966 (6x) and ZX1834.
Cell Culture and Transfection
Chinese hamster ovary cells (PerkinElmer, ES-000-A2), were cultivated as previously described . In brief, cells stably overexpressing the mitochondrially targeted apo-aequorin (mtAEQ) and the human promiscuous Ga 16 subunit were cultured in DMEM/Ham's F-12 medium containing 10% fetal bovine serum, 100 IU/ml of penicillin/streptomycin, 250 mg/ml Zeocin and 2.5 mg/ml Fungizone. Cells were split every 3 days and grown at 37 C in a humidified atmosphere of 5% CO 2 in air. CHO/mtAEQ/Ga 16 cells were transiently transfected with the receptor cDNA constructs using the Lipofectamine transfection reagent (Thermo Fisher Scientific). Transfected cells were shifted to 28 C 1 day later, and collected 2 days post-transfection in BSA medium (DMEM/HAM's F12 with 15 mM HEPES, without phenol red, 0.1% BSA) for the receptor activation assay.
METHOD DETAILS
Molecular Biology pAO03 (plin-11::NPR-6::SL2::GFP), pAO06 (pflp-12::NPR-6::SL2::GFP), pAO07 (pflp-12::loxP::LacZ::STOP::loxP::NPR-6:: SL2::GFP): A promotor fragment for lin-11 was amplified from pPGF11.07 (plin-11::GFP), kindly provided by Paul W. Sternberg (Caltech, Pasadena, USA; Gupta and Sternberg, 2002) , and subcloned into pCS174 (podr-2(18)::loxP::LacZ::STOP::loxP:: ChR2(H134R)::mCherry:: SL2::GFP) using KpnI and AgeI restriction sites, to obtain the intermediate construct plin-11::SL2::GFP. A fragment of npr-6 cDNA was amplified from pcDNA3.1::npr-6(cDNA) using NheI and KpnI restriction sites and subcloned into plin-11::SL2::GFP or pCS213 (pflp-12::loxP::LacZ::loxP::NpHR::eCFP::SL2::GFP), yielding pAO03 and the intermediate construct pAO06. To generate pAO07, the loxP fragment was amplified from pCS174 using NheI restriction sites and subcloned into pAO06.
pAO05 (punc-17::NPR-6::SL2::GFP) was generated using the restriction sites SapI and NheI to excise the npr-6 cDNA fragment from pcDNA3.1::npr-6(cDNA), which was subcloned into the plasmid RM348p (punc-17::3 0 UTR).
pAO16 (pnpr-6::NPR-6::SL2::GFP): A 2.8 promoter fragment of npr-6 was amplified from genomic DNA using primers oAO116 and oAO117 and subcloned into pAO07 using NheI and SphI restriction sites. pAO19 (pflp-1(trc)::DOP-3::SL2::GFP): A dop-3 cDNA fragment was subcloned from pKE23 (ptwk-16::DOP-3) into pCS175 using BamHI and KpnI restriction sites.
pAO28 (pflp-1(trc)::DOP-3 RNAi sense), pAO29 (pflp-1(trc)::DOP-3 RNAi antisense): A promotor fragment for flp-1 was PCR amplified from pCS175 (pflp-1(trc)::FLP-1::SL2::GFP) in sense and antisense orientation using the primers oAO120/oAO121 and oAO120/ oAO122. Additionally, a fragment containing a section of the dop-3 cDNA was amplified from pKE23 using the primers oJN174 and oJN175. Both PCR products were fused using the primers oJN175/oAO120 and oJN174/oAO120, to create pAO28 and pAO29. pAO33 (plin-11::NPR-6) was generated from pAO03 (plin-11::NPR-6::SL2::GFP) using SacI restriction sites. pAO35 (pfrpr-7::mCherry): A 2 kb promoter fragment of frpr-7 was PCR amplified from genomic DNA using primers oAO135 and oAO137 and a fragment containing mCherry was PCR amplified from pCFJ90 (pmyo-2::mCherry) using primers oAO138 and oAO112. Both PCR products were fused using primers oAO136 and oAO113 to obtain the construct pAO35.
pAO46 (ptwk-16::ICE): A promotor fragment for twk-16 was excised from pKE23 (ptwk-16::DOP-3) using BamHI and BsrGI restriction sites and cloned into the plasmid pCS169 (pflp-1(trc)::ICE) containing the human interleukin-1b-converting enzyme (ICE).
pcDNA3.1-npr-6: A npr-6 cDNA fragment was amplified from mixed-stage C. elegans mRNA of wild-type C. elegans using pnpr-6_F and pnpr-6_R primers based on the predicted cDNA sequence (https://www.wormbase.org/). The fragment was cloned into the pcDNA3.1(-) vector using NheI and KpnI restriction sites, and the resulting plasmid pcDNA3.1-npr-6 was verified by sequencing. The npr-6 cDNA sequence was identical to the predicted cDNA sequence with exception of a 12 bp insertion (GAAA CAGATTCA) after position 1114.
pcDNA3.1-frpr-7: This plasmid was prepared as described for pcDNA3.1-npr-6, but using primers frpr-7_F and frpr-7_R. pCS51 (pflp-1(trc)::ChR2(H134R)::YFP), pCS52 (pflp-1(trc)::NpHR::eCFP), pCS117 (pflp-1(trc)::ChR2 (C128S)::YFP): A fragment containing a truncated variant of the flp-1 promoter (pflp-1(trc)) was PCR amplified from a plasmid kindly provided by Chris Li (CUNY, New York, USA) using primers oCS121 and oCS122. The promoter fragment was subcloned into pmyo-3:: ChR2(H134R)::YFP (Nagel et al., 2005) and pmyo-3::NpHR::eCFP (Zhang et al., 2007) using HindIII and XbaI restriction sites to yield pCS51 and pCS52. A fragment of ChR2 was subcloned from pCS106 (pglr-1::ChR2(C128S)::YFP) into pCS51 to yield pCS117. pCS157 (podr-2(18)::Cre), pCS158 (pflp-12::Cre): Promoter fragments of odr-2 and flp-12 were amplified from purified genomic DNA using primers oCS273/oCS274 and oCS275/oCS276. These fragments were cloned into pNP259 (pgpa-14::Cre) using SphI and NcoI restriction sites to yield pCS157 and pCS158.
pCS174 For the generation of unc-7 RNAi constructs, sense and antisense fragments containing unc-7 cDNA were amplified from purified genomic DNA using primers oCS353/ oCS354 and oCS355/oCS356. Both fragments were subcloned into pCS52 (pflp-1(trc)::NpHR::eCFP) using XbaI and BsiWI restriction sites, to create pCS184 and pCS185. pCS211 (pflp-1(trc)::FLP-1 RNAi sense), pCS212 (pflp-1(trc)::FLP-1 RNAi antisense): For the generation of flp-1 RNAi constructs, sense and antisense fragments containing flp-1 cDNA were amplified from genomic DNA using primers oCS388/oCS389 and oCS390/oCS391 and cloned into pCS52 (pflp-1(trc)::NpHR::eCFP) using XbaI and BsiWI restriction sites to yield pCS211 and pCS212.
pKE1 (pdat-1::ChR2(H134R)::mCherry): A mCherry insert was amplified from a pENTRY::mCherry vector using pirmers oKE1 and oKE2. The mCherry insert was ligated by InFusion ligation into the EcoRI and NotI sites of vector pdat-1::ChR2(H134R)::YFP to yield pKE1.
pKE18 (ptwk-16::MAC::GFP): The insert MAC::GFP was removed by BamHI and EcoRI restriction from vector pSH121 (pmyo-3:: MAC::GFP) (Husson et al., 2012b) and ligated into vector ptwk-16::YC2.12 to replace the YC2.12 sequence, to yield pKE18. pKE23 (ptwk-16::DOP-3): The dop-3 cDNA fragment was excised from pCL35 (punc-47::DOP-3), kindly provided by Daniel Chase (Chase et al., 2004) , using ApaI and SacI restriction sites and cloned in the pKE47 (ptwk-16::YC2.12) construct, including the ptwk-16 promoter sequence, to generate pKE23. pOT18 (plin-11::GCaMP6::SL2::GFP), pOT20 (plin-11::ChR2(C128S)::YFP): A lin-11 promotor fragment was PCR amplified from pPGF11.07 (plin-11::GFP) using primers (GCATGCAAGCTTGACTACCCCGAAAC) and (GCGGCCGCGCTTCTCAACTCGTCTTT CTA) and subcloned into pCG05 (ggr-2::flox::GCaMP6::SL2::mCherry) using SphI, NotI and ClaI restriction sites, yielding pOT18. The construct pOT20 was generated from pOT19 (plin-11::NpHR::YFP) and pCS57 (punc-17::ChR2(C128S)::YFP) using BamHI and EcoRI restriction sites.
Behavioral Experiments Photoablation
For photoablation of AVK, animals were transferred to a well of a 96-well plate with solid NGM on the bottom, covered with M9 buffer. Blue light from an LED (473 nm, 0.8 mW/mm 2 ; Rapp Optoelectronic, Wedel, Germany) was applied 15 min continuously to the animals before the behavioral experiments. Body Bending Angles, Reversals, Pauses For analyses of bending angles, reversals and pause states, animals were transferred to non-seeded NGM plates (5.5 cm diameter dishes filled with 8.2 ml of NGM) and recovered 10-15 min (unless otherwise noted Figures 1B and 1D) . Alternatively, for assays in the presence of food, a thin lawn of bacteria was seeded onto the plates by evenly distributing an OP50-1 culture onto the dish. Surplus liquid was removed with a kimwipe from the edge of the plates and dried uncovered for ca. 1h at room temperature. The lawn needs to be thin to permit proper video tracking, but not too thin, to provide tactile as well as chemical sensation of the presence of bacterial food.
For photoactivation of optogenetic tools, light of a 50 or 100 W HBO mercury lamp was complemented with appropriate filters F 39-472, (472 ± 30 nm for blue light) and F 37-580 (580 ± 23 nm for yellow light), both AHF Analysentechnik (T€ ubingen, Germany). Alternatively, blue (473nm) and yellow (590nm) LEDs (both Rapp Optoelectronic) were used. Light intensities were adjusted using neutral density filters (AHF Analysentechnik, T€ ubingen, Germany) and illumination protocols were controlled using a computer-driven shutter (Smart Shutter, Sutter Instruments, Novato, CA, USA).
For analysis of bending angles, animals were recorded for the indicated periods 30 s without illumination, optionally followed by 30 s with either blue (1-1.4 mW/mm 2 ) or yellow light (3-6 mW/mm 2 ) for photoactivation of optogenetic tools, on an Axiovert 200 or Axio Observer microscope (both Zeiss), respectively, at 10x magnification using a Powershot G9 digital camera (Canon), mounted using an adaptor that replaces an ocular.
Bending angles were then calculated for 20 s for the period without illumination and for the last 20 s during illumination (starting after 10 s of illumination, to allow enough time for the body posture of the animals to adjust to the new situation) using custom-written scripts for ImageJ as described previously (Weissenberger et al., 2011) . Briefly, all frames of a single recorded video were extracted using VirtualDub software (http://www.virtualdub.org). Thereafter, the custom-written ImageJ script ''Wormanalyzer'' (available upon request) was applied. This script employs ImageJ functions to convert individual frame-images into 8-bit format and -subsequentlygray-scale images. Mask-conversion was then used to produce binary images (black worm shapes on white background). Then, the skeletonization function for thinning of the worm shape was used, resulting in the longitudinal median of the animal given as a line. The length of the line was determined and 10 points along the median were calculated that divided the median into 9 segments of equal length. The angles between three points of two adjacent segments (i.e., 8 bending angles in total) in clockwise-direction were calculated for all frames and included in the generated results-file. A custom written macro (available upon request) for R (http://www.r-project.org/) was used to process the ImageJ-generated results files. Basically, the mean bending angle, based on all 8 angles of a single frame and the resulting deviation from 180 , was calculated. For graphical illustration, figures displaying the mean bending angle deviation from 180 of a worm were generated for the duration of a video, displaying angles higher than 0 in red color and below 0 in blue color, with the intensity of the color representing the degree of deviation from 0 (highest intensity for 35 deviation). Analysis of bending angles during light was done beginning 10 s after the light onset, to allow enough time for the body posture of the animals to adjust to the new situation.
For analysis of the bias of bending, animals were recorded as indicated and the vulva position of the animals was noted for the identification of the ventral or dorsal side.
For analysis of reversals and pause states, animals (genotype blinded to the experimenter) were recorded for 3 min (or shorter periods, as stated in Figures S6C-S6F ), optionally while presenting blue (1-1.4 mW/mm 2 ) or yellow (3-6 mW/mm 2 ) light continuously, for photoactivation of NpHR. Frequency and duration of reversals and pauses were then scored manually by eye using VirtualDub software for frame-wise analysis. Swimming Behavior For analysis of swimming behavior, animals (genotype blinded to the experimenter) were transferred to a single well of a 96-well plate filled with 100ml of NGM and covered with 50-100ml of M9 buffer. Approximately 10 min after transfer, animals were recorded at 4x magnification for 1 min, optionally followed by another minute with yellow light illumination (3-6mW/mm 2 ) for NpHR photoactivation or blue light illumination (1-1.2 mW/mm 2 ) for ChR2 photoactivation. Swimming cycles per minute were then counted by eye. Video Tracking of Freely Behaving Animals Tracking of animals and subsequent analysis of velocity, crawling distances, and trajectories was performed as described previously (Husson et al., 2012a; Stirman et al., 2011) . In brief, animals were transferred to a seeded or non-seeded NGM plate 10-15 min before being recorded on an inverted Axiovert 35 microscope (Zeiss). The microscope was equipped with a motorized, computer-controlled X-Y-stage and connected to a three color LCD projector (CP-X605; Hitachi) and a USB camera (DCC1545M; Thorlabs), allowing live analysis of worm positional data and targeted illumination of defined segments of the animals using a custom-written Labview-script (National Instruments, Austin, TX, USA). For the analysis of velocity, crawling distances and trajectories, a custom written script for Labview and software R were used (available upon request).
represented as mean ± SEM, statistical significance (calculated with GraphPad Prism 5.0) between datasets is given, if not otherwise stated, as p value after Student's t test, paired or unpaired, Mann-Whitney test, or ANOVA with Dunnett's post hoc test, depending whether the same animals were assayed under different conditions (e.g., pre-light and during light), and when a normal distribution of the data was verified (using Levene's, or D'Agostino-Pearson tests, where appropriate).
DATA AND SOFTWARE AVAILABILITY
For RNA-seq data see Table S1 . Data are available at Gene expression omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/ geo/; GEO: GSE121129), online.
